The purification, renewal and differentiation of native cardiac progenitors would form a mechanistic underpinning for unravelling steps for cardiac cell lineage formation, and their links to forms of congenital and adult cardiac diseases [1] [2] [3] . Until now there has been little evidence for native cardiac precursor cells in the postnatal heart 4 . Herein, we report the identification of isl1
1 cardiac progenitors in postnatal rat, mouse and human myocardium. A cardiac mesenchymal feeder layer allows renewal of the isolated progenitor cells with maintenance of their capability to adopt a fully differentiated cardiomyocyte phenotype. Tamoxifen-inducible Cre/lox technology enables selective marking of this progenitor cell population including its progeny, at a defined time, and purification to relative homogeneity. Coculture studies with neonatal myocytes indicate that isl1 1 cells represent authentic, endogenous cardiac progenitors (cardioblasts) that display highly efficient conversion to a mature cardiac phenotype with stable expression of myocytic markers (25%) in the absence of cell fusion, intact Ca 21 -cycling, and the generation of action potentials. The discovery of native cardioblasts represents a genetically based system to identify steps in cardiac cell lineage formation and maturation in development and disease.
In skeletal muscle, satellite cells are considered specialized endogenous muscle precursors (that is, myoblasts) that are preprogrammed to enter the skeletal muscle lineage 5, 6 . Despite intensive inquiry, there has been no clear evidence for a native cardiac progenitor population with similar characteristics in the myocardium. Various cell surface markers have been used to purify precursor cells from heart muscle including c-kit and sca-1 (refs 7, 8) , but the precise role of these cells in in vivo cardiogenesis is unclear and the efficiency of conversion to fully differentiated myocytes, in the absence of fusion, is relatively low [9] [10] [11] . Taking advantage of a developmental lineage marker for undifferentiated cardiogenic precursor cells as a requirement for a heart-specific origin, we have identified in the postnatal heart a novel cardiac cell type. The LIM-homeodomain transcription factor islet-1 (isl1) marks a cell population that makes a substantial contribution to the embryonic heart, comprising most cells in the right ventricle, both atria, the outflow tract and also specific regions of the left ventricle 12 . A subset of isl1 þ undifferentiated precursors remains embedded in the embryonic mouse heart after its formation and their number decreases progressively from embryonic day 12.5 (ED12.5) to ED18.5 (Fig. 1a-d ). After birth, relatively few isl1 þ cardioblasts were still detectable, averaging 500 to 600 in the myocardium of a 1-5-day-old rat ( Fig. 1e, f) . Their organ distribution matched the defined contributions of isl1 þ embryonic precursors (Fig. 1i) , suggesting these cells are developmental remnants of the fetal progenitor population. Clusters of isl1 þ cardioblasts were observed in both atria, whereas in the ventricles they occurred mostly as single cells (Fig. 1e, f) . The localization of isl1 þ progenitors in specific cardiac segments (atrial muscle wall, intra-atrial septum, conus muscle, right ventricle) was conserved among diverse species: mouse, rat and human ( Fig. 1g, h ; Supplementary Table 1) .
Using conditional genetic marking techniques in the mouse, we performed Cre-recombinase-triggered cell lineage tracing experiments to irreversibly mark isl1-expressing cells as well as their differentiated progeny during embryonic development (Fig. 2) . Isl1-IRES-Cre mice 13 were crossed into the conditional Cre reporter strain R26R 14 , in which Cre-mediated removal of a stop sequence results in the ubiquitous expression of the lacZ gene under the control of the endogenous Rosa26 promoter (Fig. 2a) . In neonatal mice bearing both alleles a high proportion of right ventricular myocardium expressed b-galactosidase (b-gal) detected by 5-bromo-4-chloro-3-indolyl-b-D-galactoside (X-gal) staining (Fig. 2a) . Around 30-40% of cardiac myocytes isolated from double heterozygous hearts stained positive for X-gal and displayed coexpression of b-gal and sarcomeric a-actinin (Fig. 2b) , demonstrating that a significant proportion of myocytes originate from isl1 þ cardiac progenitors.
To achieve temporal and spatial control of Cre expression letters to nature required for tracing the fate of isl1 þ progenitors resident in the postnatal heart, we generated mice that harbour a knockin of the tamoxifen-dependent Cre recombinase (isl1-mER-Cre-mER) into the isl1 locus (Fig. 3) . The presence of two mutated oestrogenreceptors (mERs) results in the sequestration of Cre in the cytoplasm 15 . Tamoxifen induces a rapid nuclear translocation of the mER-Cre-mER protein, which permits Cre-mediated recombination 16, 17 . As a readout for Cre activity, we again used the reporter strain R26R 14 . Thus, application of tamoxifen to double heterozygous isl1-mER-Cre-mER/R26R mice leads to b-gal expression in cells expressing isl1 at the time of exposure (Fig. 3a) . Experiments with isl1-mER-Cre-mER/R26R mice were performed to assess the specificity of cell labelling. b-gal þ cells are found only within the looping heart in double heterozygous animals after tamoxifen injection at ED7.5 and X-gal staining at ED9.5 (Fig. 3b) . Double immunofluorescent analysis confirmed the co-expression of isl1 and Cre in undifferentiated cardiac progenitors and demonstrated that nuclear or cytosolic Cre localization was dependent on tamoxifen exposure (Fig. 3c) . At ED12, sections of right ventricle and atrial tissue, heart regions that have been shown to originate from isl1 þ precursors 12 , exhibited expression of a-myosin heavy chain but were negative for isl1 and Cre (Fig. 3d) . Thus, tamoxifen injection leads to a highly specific marking of isl1-expressing progenitors and Cre protein is not detectable ,54 h after the promoter has been inactivated. After birth, b-gal þ cells can be detected with highest frequency in the conus muscle, the right atrium and the right ventricle by X-gal stain in isl1-mER-Cre-mER/R26R double heterozygous neonatal hearts after tamoxifen injection at ED17 letters to nature (Fig. 3e) , and represent a rare subset of cells in the adult right atrium and outflow tract ( Supplementary Fig. 1 ). Following cell isolation from postnatal isl1-mER-Cre-mER/R26R mouse hearts and reporter gene induction in vitro, most b-gal þ cells were found in the cardiac mesenchymal cell (CMC) fraction (Fig. 4a ). Mesenchymal cells isolated from postnatal rat hearts also contain isl1 þ progenitors ( Supplementary Fig. 2 ). The CMC culture environment maintains isl1 expression in the progenitor population and promotes their expansion in culture without differentiation ( Fig. 4b and Supplementary Fig. 2) .
b-gal þ cells can be purified from the mesenchymal cells using fluorescence-activated cell sorting (FACS) after labelling with a fluorogenic, lipophilic b-gal substrate (C 12 FDG) (Fig. 4c, d ). Isl1 þ progenitors were isolated as a distinct population presenting seven to ten times higher C 12 FDG fluorescence than background at a purity of 90-95%. They corresponded to 0.5% of the mesenchymal cell fraction when FACS-sorted during an early stage in culture (4-6 days) and reached ,8% after 15-18 days culture (Fig. 4c, d ). As phenotypic characteristics of an undifferentiated state, b-gal þ precursors expressed isl1 and early specification markers for cardiac mesoderm, Nkx2.5 and GATA-4, while lacking transcripts of mature myocytes (Fig. 4e) .
FACS analysis of the FDG þ cell fraction, expanded in vitro over 10 days, revealed negative staining for sca-1 and no correlation between b-gal expression and the efflux of the DNA-binding dye Hoechst 33342, demonstrating that isl1 þ cardioblasts are distinct from cardiac side population cells (Fig. 4f-h and Supplementary  Table 2) 8, 18 . In addition, isl1 þ cells did not express c-kit. After exposure to 4-hydroxytamoxifen (4-OH-TM) in vitro, a rare subset of b-gal þ cells coexpressing cardiac troponin T was observed at day 4 (n ¼ 51^12), day 7 (n ¼ 81^29) and day 10 (n ¼ 157^10) in the myocyte fraction (Fig. 4i, j) , resulting in ,75% of the total b-gal þ cells. The fact that isl1 is repressed as soon as the cells acquire a differentiated phenotype 12 and the lack of b-gal expression in the absence of 4-OH-TM (Fig. 3b ) strongly suggest that isl1 þ cardioblasts can spontaneously acquire myocytic characteristics when dispersed and cultured in the presence of differentiated myocytes.
To assess the potential of b-gal þ progenitors to adopt a myocytic phenotype, we performed co-culture experiments of FACS-sorted precursors with neonatal cardiac myocytes. After 3 days in co-culture, b-gal þ cells were found within the myocytic syncytium and expressed cardiac specific proteins, that is, asarcomeric actinin or troponin T in a partially or completely organized pattern (Fig. 4k, l) . (Fig. 4l) .
We addressed the role of cell fusion in the progenitor-to-cardiac myocyte transition, by performing co-culture experiments in which neonatal myocytes were pre-fixed with paraformaldehyde to stabilize cellular components and render the cells refractory to cell fusion 19 . Paraformaldehyde treatment disrupted the exclusion of propidium iodide by the myocytes, indicating that these cells were non-viable (Fig. 4m) . FACS-sorted b-gal þ and b-gal 2 cells were labelled with semiconductor red-fluorescent nanocrystals (QD 655 ) 20 and co-cultured with pre-fixed myocytes in the presence of conditioned medium from viable myocytes. Under these conditions, within 5 days around 30% of the QD 655 -marked b-gal þ progenitors started to express a-actinin (Fig. 4m) , indicating that cardioblasts enter the myocytic program independently from cell fusion. In contrast, all b-gal 2 cells stained negative for a-actinin, as well as b-gal þ precursors when cultured in the absence of pre-fixed myocytes, demonstrating that differentiation is cellspecific and requires secreted and membrane-bound factors (Fig. 4m) .
To (Fig. 5a, b ; Supplementary Video). Isoproterenol letters to nature stimulation induced a 30% increase of the Ca 2þ transient amplitude in differentiated b-gal þ cells, suggesting the existence of a functional b-adrenergic signalling pathway 21 (Fig. 5c ). The [Ca 2þ ] i oscillations responded to increasing frequencies of external field stimulation (Fig. 5d) . Of the C 12 FDG-labelled cardioblasts in the co-culture 2.3% showed active intracellular Ca 2þ transients. Functional maturity was confirmed by analysing action potential characteristics in QD 655 -marked progenitors and neighbouring myocytes. Beating differentiated cardioblasts displayed continuous electrical activity or action potentials characterized by upstroke velocity (dV/dt max ), amplitude (APA), duration (APD) and maximum diastolic potential (MDP) comparable to those of neonatal cardiac myocytes (Fig. 5e, f ) . Repeated impalements of individual QD 655 -marked differentiated progenitors revealed reproducible action potentials with distinct morphologies, nodal-like and atrial-like, supporting the concept that these cells are able to differentiate into a distinct subset of cardiac lineages, including conduction system myocytes 22 . We demonstrate that the mammalian heart harbours an organ-specific progenitor cell that can be localized, purified, expanded and differentiated into mature cardiac myocytes (Fig. 5g) . It will be interesting to investigate whether isl1 letters to nature precursors can contribute to the cardiac lineage in the absence of fusion after cellular transplantation in vivo, and to analyse functionally on a single-cell level the differentiated progeny 23 . Cardioblasts may represent an in vitro system to study signalling pathways for cardiac cell lineage differentiation, which will ultimately give new insights into key steps that govern entry into specific contractile and conduction system lineages; recent work has now documented defects in later stages of ventricular lineage specification and forms of human congenital heart disease 24 . Furthermore, this study suggests the feasibility of isolating isl1 þ cardiac progenitors from mammalian embryonic stem cell systems during cardiogenesis.
A
Methods Mice
Isl1-IRES-Cre were provided by T. M. Jessel and have been previously described 13 . An IRES-Cre SV40 pA and a pgk-neomycin cassette were inserted into the exon encoding the second LIM homeodomain of isl1. The conditional Cre reporter mouse line R26R was generated by P. Soriano 14 . The isl1-mER-Cre-mER targeting construct was generated by an in-frame insertion of a mER-Cre-mER SV40 pA cassette 15 along with a neo-selectable marker flanked by FRT sites into exon 1 of the genomic isl1 locus. The generation of isl1-mER-Cre-mER knockin mice will be described in detail elsewhere. Isl1-IRES-Cre/ R26R and isl1-mER-Cre-mER/R26R double heterozygous mice were generated by crossing single heterozygous mice. Mice are in a mixed 129 £ C57Bl/6 background. The isl1-mER-Cre-mER line showed exclusively a tamoxifen-dependent expression of Cre. Tamoxifen (Sigma) was dissolved in corn oil and injected twice intraperitoneally in the pregnant mothers at a dose of 75 mg g 21 body weight at ED17 and ED18, unless specified otherwise 25 . Animal care and all procedures were approved by the Institutional Animal Care Committee at UCSD.
Isolation of mouse cardiac progenitors and cell culture conditions
For cell isolation, we used 40-60 1-5-day-old pups that were double heterozygous for isl1-mER-Cre-mER and R26R alleles. Hearts were cut into four pieces, washed repetitively in ice-cold Hank's balanced salt solution without Ca 2þ (HBSS) and predigested overnight in 0.5 mg ml 21 trypsin-HBSS solution at 4 8C under constant shaking, to remove blood and dead cells. Cardiac cells were obtained by four rounds of 10 min digestions with 240 U ml 21 collagenase type II (Worthington) in HBSS at 37 8C. The mesenchymal cell fraction containing most b-gal þ progenitor cells was separated from myocytes and endothelial cells by two rounds of 1 h differential plating on plastic in DMEM/M199 (4:1 ratio) medium containing 10% horse serum and 5% fetal bovine serum at 37 8C in the presence of 5% CO 2 . Under these conditions preferentially mesenchymal and b-gal þ precursor cells attach on plastic. After rigorous washing to remove non-adherent cells, CMC and cardioblasts were cultured for 48 h in DMEM containing penicillin (100 U ml 21 ), streptomycin (100 mg ml 21 ), HEPES (25 mM), letters to nature glutamine (2 mM), 10% newborn calf serum and 5% fetal bovine serum (FBS). Culture medium was exchanged to DMEM/F12 containing B27 supplement, 2% FBS and 10 ng ml 21 EGF on the second day in culture when the CMC reached confluency, to stimulate isl1 progenitor growth. 4-OH-TM (stock solution 1 mM in ethanol; Sigma) was applied in culture one day after cell plating at a concentration of 1 mM and maintained for 48 h.
Methods regarding flow cytometry analysis, co-culture experiments, immunocytochemistry and lacZ staining, polymerase chain reaction with reverse transcription (RT-PCR), detection of [Ca 2þ ] i transients and electrophysiological action potential recordings are described in the Supplementary Methods section.
